MK886, a strong proapoptotic agent, is an inhibitor of 5-lipoxygenase (LOX) through binding to the 5-LOX-activating protein (FLAP). Although MK886-induced apoptosis is through a FLAP-independent pathway, the precise mechanisms are not understood. In the present study, a possible role of 24p3, a lipocalin, in MK886-induced apoptosis was investigated. Exposure of murine prolymphoid progenitor cells (FL5.12) to 20 µM MK886 for 16 h dramatically increased 24p3 mRNA and protein expression. Induction could also be achieved with another FLAP inhibitor, MK591. The induction of 24p3 by MK886 was dose-and time-dependent. The up-regulated 24p3 mRNA expression by MK886 was enhanced a further 3.1-fold by WY14643, an activator of peroxisome-proliferator-activated receptor α, whereas ciglitazone, an activator of peroxisomeproliferator-activated receptor γ attenuated the MK886-induced 24p3 expression by more than 50 %. Neither WY14643 nor ciglitazone alone had any effect on the expression of 24p3. The induction of 24p3 by MK886 was dependent on the synthesis of new protein(s), since cycloheximide, an inhibitor of protein synthesis, prevented this effect. In all cases, including the inhibition of MK886-induced 24p3 protein expression by stable transfection with antisense cDNA of 24p3, the extent of apoptosis closely paralleled 24p3 levels. Apoptosis induced by MK886, or enhanced by WY14643, was accompanied by the cleavage and activation of caspase-3. The overexpression of bcl-2 or bcl-x L in FL5.12 cells inhibited apoptosis induced by MK886 as well as the enhancement of apoptosis by WY14643. Thus 24p3 is an MK886-inducible gene and may play an important role in MK886-induced apoptosis.
Increased expression of the lipocalin 24p3 as an apoptotic mechanism for MK886
Zhimin TONG, Xuli WU and James P. KEHRER Division of Pharmacology and Toxicology, College of Pharmacy, The University of Texas at Austin, Austin, TX 78712-0125, U.S.A.
MK886, a strong proapoptotic agent, is an inhibitor of 5-lipoxygenase (LOX) through binding to the 5-LOX-activating protein (FLAP). Although MK886-induced apoptosis is through a FLAP-independent pathway, the precise mechanisms are not understood. In the present study, a possible role of 24p3, a lipocalin, in MK886-induced apoptosis was investigated. Exposure of murine prolymphoid progenitor cells (FL5.12) to 20 µM MK886 for 16 h dramatically increased 24p3 mRNA and protein expression. Induction could also be achieved with another FLAP inhibitor, MK591. The induction of 24p3 by MK886 was dose-and time-dependent. The up-regulated 24p3 mRNA expression by MK886 was enhanced a further 3.1-fold by WY14643, an activator of peroxisome-proliferator-activated receptor α, whereas ciglitazone, an activator of peroxisomeproliferator-activated receptor γ attenuated the MK886-induced 24p3 expression by more than 50 %. Neither WY14643 nor ciglitazone alone had any effect on the expression of 24p3. The induction of 24p3 by MK886 was dependent on the synthesis of new protein(s), since cycloheximide, an inhibitor of protein synthesis, prevented this effect. In all cases, including the inhibition of MK886-induced 24p3 protein expression by stable transfection with antisense cDNA of 24p3, the extent of apoptosis closely paralleled 24p3 levels. Apoptosis induced by MK886, or enhanced by WY14643, was accompanied by the cleavage and activation of caspase-3. The overexpression of bcl-2 or bcl-x L in FL5.12 cells inhibited apoptosis induced by MK886 as well as the enhancement of apoptosis by WY14643. Thus 24p3 is an MK886-inducible gene and may play an important role in MK886-induced apoptosis.
INTRODUCTION
Programmed cell death, or apoptosis, is an evolutionarily conserved form of cell suicide under the control of numerous genes. It is characterized by membrane blebbing, nuclear condensation and internucleosomal DNA degradation [1] . Alterations in apoptosis have been suggested to play crucial roles in the disruption of tissue homoeostasis, immune regulation and the elimination of infected, mutated or damaged cells [2] [3] [4] .
Apoptosis can be triggered by a variety of stimuli, such as the Fas ligand, radiation, etoposide, growth factor deprivation and lipoxygenase (LOX) inhibitors [5, 6] . LOX is a family of enzymes that dioxygenate unsaturated fatty acids thus initiating the peroxidation of membrane lipids and the synthesis of signalling molecules that play roles in the modulation of cell proliferation and apoptosis [6, 7] . LOX can be categorized into various subfamilies based on the site of oxygenation (5-, 8-, 12-and 15-LOX) and can be inhibited by number of compounds [8, 9] .
MK886 is an indol-based xenobiotic that inhibits the activity of 5-LOX through binding to the 5-LOX-activating protein (FLAP) that is involved in the activation and/or presentation of fatty acid substrate to 5-LOX [10, 11] . Several studies have revealed a strong proapoptotic effect of MK886 [6, [12] [13] [14] . However, MK886-induced apoptosis may be not through the inhibition of FLAP, since apoptosis still occurs in cells lacking LOX [15] or having reduced levels of FLAP [13] , and the concentration of MK886 required for apoptosis induction is much higher than the IC 50 of MK886 for LOX activity [6] . The precise mechanism Abbreviations used: CHX, cycloheximide; COX, cyclo-oxygenase; ETYA, eicosa-5,8,11-tetraynoic acid; LOX, lipoxygenase; FLAP, 5-LOX-activating protein; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; IL, interleukin; NDGA, nordihydroguiaretic acid; NF-κB, nuclear factor κB; PPAR, peroxisome-proliferator-activated receptor; PI, propidium iodide; PPRE, PPAR-responsive element; RT, reverse transcription. 1 To whom correspondence should be addressed (e-mail kehrerjim@mail.utexas.edu).
by which MK886 induces apoptosis remains unclear, although a recent study [16] has implicated effects on mitochondria.
Lipocalins are a functionally diverse family of proteins that can bind to surface receptors as well as to a variety of lipophilic substances. Lipocalins have effects on cell proliferation and differentiation and may be involved in cancer [17] . 24p3 protein, a member of the lipocalin family, was originally cloned from mouse kidney cells infected with polyoma virus-40 [18] . It is a secreted glycoprotein and can be induced by lipopolysaccharide [19] , basic fibroblast growth factor [20] , tumour necrosis factor α [21] and retinoic acid [22] . It has many postulated functions, such as suppressing the inflammatory response during involution of uterine and mammary tissues [23] and playing a role in fatty acid [24] or iron [25] transport. A recent study [26] revealed that 24p3 protein plays a crucial role in interleukin (IL)-3-deprivation-induced apoptosis in cytokine-dependent neutrophils and other leucocytes. This effect may be involved in the antiinflammatory response of involuting tissue [23] and raises a new potential pathway for the initiation of apoptosis by xenobiotics. Since MK886 has effects on fatty acid-binding proteins, including FLAP [11, 12] and peroxisome-proliferator-activated receptors (PPARs) [14, 27] , it was considered possible that it might also affect lipocalins.
In the present study, we report that the expression of 24p3 is profoundly induced by MK886 in murine proB FL5.12 cells. The induction of 24p3 expression by MK886 is enhanced by WY14643, a PPARα activator, and inhibited by ciglitazone, a PPARγ activator. The levels of 24p3 expression correlate with the induction of apoptosis. Treatment with cycloheximide (CHX), an inhibitor of protein synthesis, diminished MK886-induced 24p3 expression and apoptosis. These results suggest that newly synthesized 24p3 protein plays a role in MK886-induced apoptosis.
MATERIALS AND METHODS

Cell culture
Wild type IL-3-dependent murine prolymphoid progenitor cells (FL5.12), and FL5.12 cells that stably overexpress bcl-2 or bcl-x L (transfected with a SFFV-NEO, SFFV-FLAG-bcl-x L or SFFV-FLAG-bcl-2 construct [28] ), or FLAP (transfected with a pcDNA3.1/HisC control or a pcDNA3.1/HisC-FLAP construct [29] ) were used. The bcl-2-and bcl-x L -overexpressing cell lines were gifts from Dr Gabriel Nuñez (University of Michigan, Ann Arbor, MI, U.S.A.). All cell lines were maintained in RPMI 1640 media supplemented with 10 % (v/v) conditioned media from WEHI-3B cells (a source of IL-3) [30] , 10 % (v/v) fetal bovine serum, 100 units/ml penicillin and 100 µg/ml streptomycin in a humidified atmosphere at 37
• C and 5 % CO 2 . Cultures were passaged every 2 days. The overexpression of bcl-2, bcl-x L or FLAP was confirmed every 2-3 weeks using Westernblot analysis. 
RNA isolation and Northern-blot analysis
Northern-blot analysis was performed for detection of specific 24p3 transcripts. Total RNA was isolated from cells using RNeasy mini kits according to the procedure described by the manufacturer (Qiagen, Valencia, CA, U.S.A.). Equal amounts of total RNA (20-25 µg) were electrophoresed on 1 % (w/v) agarose gels and transferred on to a nylon membrane (Schleicher & Schuell, Keene, NH, U.S.A.). The 24p3 cDNA was synthesized by reverse transcription (RT)-PCR using primers that were designed according to the sequence of the gene (GenBank R accession number X14607: left primer, atgtcacctccatcctggtc; right primer, acagctccttggttcttcca). cDNA probes were labelled with [α-32 P]dCTP using a random primer labelling kit according the procedure described by the manufacturer (Invitrogen, Carlsbad, CA, U.S.A.). Membranes were hybridized with the 24p3 cDNA probes overnight at 68
• C in a hybridization solution (Stratagene, La Jolla, CA, U.S.A.). Membranes were then washed twice with 1 × SSC (where SSC is 0.15 M NaCl/0.015 M sodium citrate) and 0.1 % SDS at 55
• C, and subjected to autoradiography with an intensifying screen. The membranes then were stripped and re-probed with a cDNA for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) to normalize for differences in loading and transferring among the samples. Band intensities were determined using UN-SCAN-IT software (Silk Scientific, Orem, UT, U.S.A.) on scanned images.
Western-blotting analysis
Following treatment, cells were washed with ice-cold PBS and lysed in a buffer containing 50 mM Tris/HCl (pH 8.0), 150 mM NaCl, 0.5 % (v/v) Nonidet P40, 2 mM EDTA and a protease inhibitor cocktail (Roche Biochemicals, Indianapolis, IN, U.S.A.) for 30 min on ice. Following centrifugation at > 10 000 g for 15 min, the protein concentration of the supernatant was determined using the Bio-Rad D c protein assay procedure (Bio-Rad, Hercules, CA, U.S.A.). Equal amounts of protein were resolved on SDS/12 % (w/v) polyacrylamide gels and electrophoretically transferred on to a PVC membrane (Millipore, Bedford, MA, U.S.A.). The blots were blocked with 5 % (w/v) skimmed milk in Tris-buffered saline [20 mM Tris/HCl (pH 7.6) and 150 mM NaCl] with 1 % (v/v) Tween-20 for 1 h at 22
• C, and then incubated at 4
• C overnight with caspase-3 antibodies (Cell Signaling Technology, Beverly, MA, U.S.A.) or antiserum to 24p3 (a gift from Dr. Nilsen-Hamilton, Iowa State University, Ames, IA, U.S.A.) in the same buffer. Specific antibody-labelled proteins were detected by using a horseradish peroxidase-conjugated secondary antibody (Santa Cruz Biotechnology, Santa Cruz, CA, U.S.A.) and the enhanced chemiluminescence Western blotting detection system (ECL R ; Amersham Biosciences, Piscataway, NJ, U.S.A.). Thereafter, blots were stripped and re-probed with antibodies to actin. Band intensities were determined using UN-SCAN-IT software on scanned images and normalized against actin.
Measurements of apoptosis
Treated and control cells were harvested and washed with ice-cold PBS and then resuspended in a solution containing either 0.1 % Triton X-100/1 µg/ml RNase/2.5 µg/ml propidium iodide (PI) or annexin V-FITC (Clontech Laboratories, Palo Alto, CA, U.S.A.) and 5 µg/ml PI, and incubated for 15 min. This latter technique allows the differentiation between necrotic and non-necrotic cell populations. A total of 20 000 -30 000 cells were analysed with a Beckman Coulter EPICS-XL flow cytometer (Fullerton, CA, U.S.A.) equipped with an argon laser at an excitation wavelength of 488 nm. The emission wavelengths used for PI and annexin were 620 nm and 525 nm respectively. Cells stained with PI alone showing lower DNA content then those in the G 1 phase (i.e. sub-G 1 population) or cells stained with annexin V were considered apoptotic.
Caspase-3 activity assay
Caspase-3 activity was measured by quantifying the cleavage of the synthetic substrate N-acetyl-Asp-Glu-Val-Asp p-nitroanilide (Ac-DEVD-pNA). Lysates from treated or control cells were incubated with a solution containing 80 nM Ac-DEVD-pNA, 200 nM Hepes (pH 7.5), 1 mM NaCl and 50 nM dithiothreitol. After incubation for 2 h at 37
• C, the activity of caspase 3 was determined by measuring the absorbance of the released p-nitroaniline (pNA) at 405 nm in a microtitre plate reader. An aliquot of the same lysate was used for protein measurement as described above. Caspase-3 activities are expressed as nmol of pNA released/µg of total protein. The 24p3 cDNA containing the entire protein-coding region was synthesized by RT-PCR using RNA isolated from FL5.12 cells. The antisense cDNA expression plasmid was constructed by subcloning the 24p3 cDNA into the pEGFP-N3 vector (Clontech) reversibly to generate pEGFP-AS-24p3, which express antisense of 24p3 cDNA under the control of the cytomegalovirus ('CMV') promoter. Stable transfection was performed by electroporation. FL5.12 cells (10 × 10 7 ) were incubated with 10 µg of pEGFP-AS-24p3 DNA for 10 min, followed by electric pulsing at 250 volts/960 µF. pEGFP-N3 DNA was used as the control vector. FL5.12 cells stably expressing antisense 24p3 cDNA were selected using a RPMI 1640 media containing 400 µg/ml G418 (Life Technologies, Gaithersburg, MD, U.S.A.) and maintained in the same medium containing 200 µg/ml G418.
Statistics
Data are presented as means + − S.E.M. Comparison between different treatment groups were analysed by ANOVA followed by the Tukey/Kramer test. P < 0.05 was considered as statistically significant.
RESULTS
Induction of 24p3 by MK886
To investigate whether 24p3 might play a role in MK886-induced apoptosis, its expression was measured by Northernblot analysis 16 h after FL5.12 cells were treated with 20 µM MK886. As shown in Figure 1(a) , the basal level of 24p3 mRNA in FL5.12 cells was undetectable, consistent with previous data [26] . Following treatment with 20 µM MK886, there was a tremendous increase in 24p3 mRNA levels.
The induction of 24p3 by MK886 was dose-and timedependent. With 20 µM MK886, 24p3 mRNA levels were increased at 8 h. The increase in 24p3 mRNA levels was maintained to at least 24 h (Figure 1b) . Because of the extensive cell death evident beyond 24 h, later time points were not examined. The minimum dose of MK886 required to observe 24p3 induction at 16 h was 10 µM (Figure 1c ). Earlier time points were not examined with higher doses and it is possible that they would have accelerated the response.
In order to confirm the induction of 24p3 by MK886 treatment, protein levels were measured by Western-blot analysis (Figure 1d) . Consistent with the Northern-blot analyses, 24p3 protein levels were dose-dependently increased after treatment with MK886 for 23 h. (Figure 2a) . The minimum dose of MK886 required for significant induction of apoptosis at this time was 20 µM, although a small effect appeared to begin at 10 µM (Figure 2b ).
MK591 is a more specific inhibitor of FLAP than MK886 [10] , but is chemically distinct and somewhat less effective at inducing apoptosis [13] . Nevertheless, after 16 h, this compound was able to up-regulate the expression of 24p3 in a dose-dependent manner, similar to that seen with MK886 ( Figure 3 ). Once again, as 24p3 mRNA levels increased, apoptosis also increased correspondingly (results not shown).
In order to determine whether other inhibitors of LOX or cyclooxygenase (COX) might induce the expression of 24p3, total RNA from cells treated for 16 h was isolated and the expression of 24p3 was assessed by Northern-blot analysis. Baicalein, a 12-LOX inhibitor, increased 24p3 expression only at a dose of 80 µM (Figure 4a) , which was higher than that required for inducing apoptosis (50 µM; [31] ). However, nordihydroguiaretic acid (NDGA), a dual COX and LOX inhibitor, induced 24p3 expression somewhat more than MK886 (Figure 4b ) at a dose (5 µM) that also induced apoptosis [15] . ETYA (20 µM), a general LOX inhibitor, did not induce 24p3 expression (Figure 4c ). These data indicate that LOX inhibitors do not have a general ability to induce 24p3 expression and that the apoptotic mechanisms of these agents may differ.
Modulation of MK886-induced 24p3 expression by PPAR activators
PPARs belong to the nuclear steroid hormone receptor superfamily [32] . PPARs consists of α, β and γ subgroups and have been implicated in fatty acid metabolism and apoptosis [32] . Recently, we reported that MK886 [27] and other LOX inhibitors [33] are effective PPAR inhibitors. To examine the effect of PPAR ligands on MK886-induced 24p3 expression, cells were treated with 50 µM WY14643, a PPARα activator, or 50 µM ciglitazone, a PPARγ activator, for 16 h in the absence or presence of 20 µM MK886. The results showed that neither WY14643 nor FL5.12 cells were treated with various doses of MK591 for 16 h and subsequently examined for the levels of 24p3 mRNA by Northern-blot analysis. Cells treated with 20 µM MK886 were used as a positive control. Intensity is normalized to GAPDH and determined relative to 30 µM MK591. Due to limited availability of MK591, this blot was only performed once.
ciglitazone alone affected the expression of 24p3 (Figure 5a) . However, when co-treated with MK886, WY14643 enhanced the already large increase in 24p3 mRNA levels (3.1 + − 0.7-fold, n = 3). In contrast, ciglitazone was very effective in blocking the up-regulation of 24p3 expression resulting from the MK886 treatment, decreasing 24p3 mRNA levels by 56 + − 10 % (Figure 5a ). As little as 2.5 µM WY14643 or ciglitazone was able to enhance or inhibit the MK886-induced 24p3 expression respectively (Figure 5b ). The levels of 24p3 protein were again altered correspondingly with the mRNA (Figure 5c ).
In order to see whether co-treatment with WY14643 or ciglitazone was required, these PPAR agonists were added 1 h after MK886 treatment. Changes in 24p3 expression were identical with the co-treatments (results not shown) indicating these agonists were not acting through effects on MK886 uptake.
Other synthetic chemicals and natural ligands can activate PPARs. Therefore we examined the effect of some of these agents on MK886-induced 24p3 expression. Cells were treated with 50-200 µM bezafibrate (PPARα activator), 1-3 µM 15-deoxy-12,14 -prostaglandin J 2 or 1-8 µM troglitazone (PPARγ activators) in the absence or presence of MK886 (20 µM) for 16 h. Surprisingly, none of these activators showed any effect on 24p3 expression (results not shown).
Modulation of MK886-induced apoptosis by WY14643 and ciglitazone
Since WY14643 and ciglitazone were able to modulate MK886-induced 24p3 expression, their ability to alter MK886-induced apoptosis was determined. Using annexin V-FITC labelling, neither WY14643 (50 µM) nor ciglitazone (20 µM) alone had any significant effect on apoptosis compared with vehicle-treated cells. However, WY14643 greatly increased apoptosis when present with MK886 (2.3-fold compared with MK886 alone). In contrast, ciglitazone reduced MK886-induced cell apoptosis by 20 + − 2 % (Figure 6 ). Interestingly, two recent reports [34, 35] have shown that several thiazolidinedione PPARγ agonists can protect lymphocytes and LLC-PK1 cells from apoptosis.
Inhibition of 24p3 expression blocked MK886-induced apoptosis
To demonstrate whether 24p3 is required for MK886-induced apoptosis, FL5.12 cells were stably transfected with a 24p3 antisense cDNA. The expression of 24p3 protein induced by co-treatment with 20 µM MK886 and 50 µM WY14643 was inhibited in the cells expressing antisense compared with that in cells transfected with the control vector (Figure 7 , inset). Consistent with a role for 24p3 in apoptosis, FL5.12 cells expressing 24p3 antisense exhibited over 50 % less apoptosis, compared with vector controls, when treated with MK886 with or without WY14643 (Figure 7) .
Effects of blocking protein synthesis
To obtain information as to the mechanism underlying the induction of 24p3 expression by MK886, cells were treated with MK886 in the absence or presence of the protein synthesis inhibitor CHX. CHX effectively blocked the effect of MK886 on 24p3 expression at a dose of 50 ng/ml (Figure 8a ). In addition, CHX also significantly decreased, but did not eliminate, MK886-induced cell apoptosis (Figure 8b ). Therefore the induction of 24p3 mRNA by MK886 is indirect and apparently dependent on the synthesis of some other protein(s).
Effects of bcl-2 family proteins on MK886-induced changes in 24p3
The bcl-2 family of proteins plays a crucial role in the regulation of apoptosis [36] . To evaluate the possible involvement of the anti-apoptotic bcl-2 or bcl-x L in the pathway of 24p3, cells overexpressing these proteins were treated with 20 µM MK886 in absence or presence of 50 µM WY14643. Apoptosis was decreased in both overexpressing cell lines by more than 50 %, compared with the control FL5.12 cells, after treatment with MK886 alone for 24 h (Figure 9 ). The extent of apoptosis after MK886 plus WY14643 was also significantly decreased FL5.12 cells overexpressing bcl-2 or bcl-x L were treated with 20 µM MK886 (MK) alone or cotreated with 50 µM WY14643 (WY) for 24 h. Cells were then analysed by flow cytometry using DNA/PI staining. Cells containing lower DNA than that in G 1 phase populations were considered apoptotic. Cells stably transfected with the control plasmid were used as controls. Results are means + − S.E.M. of three independent experiments. *P < 0.05 compared with control.
from 65 + − 2 % to 22 + − 8 % and 12 + − 4 % in cells overexpressing bcl-2 and bcl-x L respectively. However, the expression of 24p3 induced by MK886 in absence or presence of WY14643 was unaffected by the overexpression of bcl-2 or bcl-x L (results not shown). These data suggest bcl-2 and bcl-x L act downstream of 24p3 in MK886-induced apoptosis. 
Role of FLAP in the induction of 24p3
Since MK886 is a FLAP inhibitor, the possible involvement of FLAP in the expression of 24p3 was examined. 24p3 expression was undetectable in untreated FLAP-overexpressing cells (results not shown). FL5.12 cells overexpressing FLAP were treated with MK886 for 16 h. There was a decrease observed in the induction of 24p3 by MK886 in FLAP-overexpressing cells ( Figure 10 ). This decrease may arise from binding more MK886 to FLAP, thereby limiting the amount available to exert effects on 24p3 and suggests FLAP is not mediating the effect on 24p3.
Effects on caspase-3 activity
Caspase activation is thought to be a key step in the genesis of apoptosis through numerous stimuli [36, 37] . The cleavage of caspase-3 from its 32 kDa inactive precursor to form 17 and 12 kDa subunits with strong protease activity was studied by Western blot using antibodies that recognize the 17 kDa form (p17). Treatment of FL5.12 cells with MK886 greatly increased the amount of p17 (Figure 11a ). Co-treatment with MK886 and WY14643 resulted in further increases in p17 levels. In contrast, the levels of p17 in cells co-treated with MK886 and ciglitazone were similar to those in cells treated with MK886 alone. In order to confirm these data, a caspase-3 activity assay was performed. After 16 h, MK886 alone increased caspase-3 activity by 2.5-fold (Figure 11b ). Co-treatment with WY14643 enhanced caspase-3 activity by 2.7-and 6.8-fold compared with MK886 alone and vehicle-treated controls respectively (Figure 11b ). Therefore apoptosis was accompanied by the cleavage and activation of caspase-3 in relation to the extent of apoptosis induced.
DISCUSSION
In the present study, MK886 was shown to up-regulate the expression of the lipocalin 24p3 in FL5.12 cells. It is also shown that MK886-induced 24p3 expression can be increased further by the PPARα agonist WY14643 and is inhibited by the PPARγ agonist ciglitazone. The levels of 24p3 expression induced by MK886 correlated with the apoptosis induced by these compounds. These findings suggest the involvement of 24p3 in MK886-induced apoptosis and imply that other xenobiotics may act via this mechanism. 24p3 can be induced by lipopolysaccharide [19] , basic fibroblast growth factor [20] , tumour necrosis factor α [21] and retinoic acid [22] . The biological functions of 24p3 are not fully understood, although it has been reported to bind fatty acids and retinoids [24] , enhance the activity of the c-AMPdependent protein kinase [38] , deliver iron to the cytoplasm [25] and play a crucial role in IL3-deprivation-induced apoptosis [26] . This latter activity suggested that apoptosis-inducing xenobiotics, particularly those affecting lipid pathways, might also function via 24p3.
The MK886-induced increase in 24p3 mRNA expression occurred 8 h after treatment and levels remained elevated for at least 16 h. This time course slightly preceded MK886-induced apoptosis. The minimum dose of MK886 required for 24p3 induction was comparable with that needed for apoptosis. In addition, the enhanced 24p3 expression by co-treatment with WY14643 resulted in an increase in MK886-induced apoptosis, whereas the inhibition of MK886-induced 24p3 expression by ciglitazone or CHX decreased MK886-induced apoptosis. Moreover, blocking MK886-induced 24p3 expression by expressing an antisense cDNA significantly decreased apoptosis. Taken together, these data support a crucial role for 24p3 in MK886-induced apoptosis.
In prostate cancer cells, MK886-triggered apoptosis appears to involve the inhibition of 5-LOX through its action on FLAP, since 5-hydroxyeicosatetraenoic acid, a product of 5-LOX, was able to rescue these cells [39, 40] . However, MK886 induces apoptosis in WSU cells that lack FLAP or in FLAP-depleted cells [13] . Therefore MK886 can induce apoptosis independently of FLAP. Our data indicate that the regulation of 24p3 expression by MK886 is also FLAP-independent, as evidenced by the finding that the induction of 24p3 expression by MK886 in bcl-x Loverexpressing cells, in which FLAP expression was 70 % lower than control FL5.12 cells [15] , was similar to the control cells, and MK886-induced 24p3 expression was slightly reduced in FLAPoverexpressing cells.
Several studies have demonstrated that activation of PPAR signalling pathways is able to modulate gene responses, including those involved in apoptosis [41] . In the present study, WY14643, a PPARα activator, dramatically enhanced MK886-induced 24p3 expression, whereas treatment with ciglitazone, a PPARγ activator, resulted in a significant decrease of MK886-induced 24p3 expression. Neither WY14643 nor ciglitazone alone had effects on the expression of 24p3. Therefore the activation of PPAR signalling pathways may modulate the expression of 24p3 in response to MK886.
In human breast cancer cells, MK886 up-regulates PPARα and γ expression [14] . This could be a response to the inhibition of PPARα by MK886 as shown in keratinocyte 308 and CV-1 cells [27] . However, although MK886 could efficiently inhibit the WY14643-induced expression of keratin-1, a PPARα-responsive gene, it only had a minimal effect on another PPARα-responsive gene, acyl-CoA oxidase. Thus, although acyl-CoA oxidase may be regulated by other pathways, the effect of MK886 on PPARα-responsive genes was not universal. With 24p3 expression, WY14643 or ciglitazone had no effect alone, but did profoundly modulate the response to MK886. This suggests downstream effects or that the presence of MK886 allows PPAR to gain access to the promoter region of 24p3.
PPARs function as transcription factors after activation by the retinoid X receptor and binding to the target gene at a specific response element [PPAR-responsive element (PPRE)] [42] . However, the regulation of gene expression by a PPAR agonist is not necessarily via the PPRE. In rat synovial fibroblasts, a PPARγ activator inhibited lipopolysaccharide-induced COX-2 and nitric oxide synthase by interfering with the activity of nuclear factor κB (NF-κB) and AP-1 [43] . Jones et al. [44] also reported that activation of PPARα decreased the ability of NF-κB to bind to DNA. The modulation of 24p3 expression by PPAR may involve interference with the activity of transcription factors, since there is no PPRE in the promoter region of the 24p3 gene [22] . Although there are no NF-κB or AP-1 sites in the regulatory region of the 24p3 gene, it is possible the activation of PPAR interferes with the activity of Sp1 or other transcription factors that, in turn, alter the expression of 24p3.
In the present study, possible downstream events in the 24p3 induction pathway after MK886 were examined. The apoptosis induced by MK886 was significantly decreased in cells overexpressing bcl-2 or bcl-x L compared with control cells, in agreement with previous work [15] . The enhanced apoptosis by WY14643 was also significantly inhibited; however, the induction of 24p3 expression was not altered. Therefore the action of bcl-2 family proteins on MK886/24p3-induced apoptosis appears to be a downstream event, consistent with a previous study with this same cell line when apoptosis was induced by removing IL-3 [26] .
In conclusion, the results from the present study demonstrate that MK886 is able to profoundly up-regulate 24p3 expression. This up-regulation can be modified by the PPAR agonists WY14643 and ciglitazone, suggesting that these nuclear receptors are in someway involved. The expression of 24p3 was highly correlated with the extent of apoptosis under all conditions, providing new information supporting a role for this lipocalin in the apoptosis induced by some xenobiotics. Notably, MK886 also induces the expression of NGAL, the human analogue of 24p3 (Z. Tong, X. Wu and J. P. Kehrer, unpublished work), suggesting that lipocalins may be important mediators of apoptosis in other species.
